The developmental process of lateral root formation consists of priming, initiation, primordium development and the emergence of lateral roots from the primary root. Molecular genetic studies with Arabidopsis have revealed several key transcriptional regulators involved in lateral root development. However, their functional interaction has not been fully characterized yet. Here we utilized a genetic approach to understand some of these interactions, revealing that PUCHI functioning in morphogenesis of early lateral root primordium is regulated downstream of ARF7/ ARF19 and acts with LBD16(ASL18)/LBD18(ASL20) to regulate lateral root development. We showed that auxin-responsive expression of PUCHI was significantly reduced in arf7 or arf19 single mutants and completely abolished in arf7 arf19 double mutants. Consistent with this, b-glucuronidase (GUS) expression under the PUCHI promoter in arf7 arf19 was greatly reduced in the lateral root primordium compared with that in the wild type and did not respond to exogenous auxin. Results of GUS expression analyses under the PUCHI, LBD16 or LBD18 promoter in lbd16, lbd18 single and double mutants or puchi demonstrated that PUCHI and LBD16 or LBD18 do not regulate each other's expression. Lateral root phenotypes of double and triple mutants of lbd16, lbd18 and puchi showed that the puchi mutation in lbd16 and lbd18 mutants synergistically decreased the number of emerged lateral roots. These analyses also showed that puchi affected lateral root primordium development of lbd16 or lbd18 additively but differentially. Taken together, these results suggest that PUCHI co-acts with LBD16 and LBD18 to control lateral root primordium development and lateral root emergence.
Introduction
Lateral roots (LRs) are the major determinant of root system architecture, which is critical for the uptake of water and nutrients and for the anchorage of plants in soil (Hochholdinger and Zimmermann 2008) . In Arabidopsis thaliana, LRs initiate from pericycle founder cells overlying the xylem tissue of the primary root after priming by auxin signaling in the basal meristem (Malamy and Benfey 1997 , Peret et al. 2009 , Benková and Bielach 2010 . A series of anticlinal divisions of the pericyle cells produce a few initial cells that undergo coordinated periclinal and anticlinal divisions to give rise to a highly organized domeshaped lateral root primordium (LRP). The LRP continues to grow and emerges through the endodermis, cortex and epidermal layers of the parental primary root. Finally, an apical meristem is established in the LR and regulates LR growth.
Molecular genetic studies using Arabidopsis have led to the identification of a variety of the components involved in LR development. ABERRANT LATERAL ROOT FORMATION4 (ALF4), a nuclear-localized protein, is required to maintain the pericyle in the mitotically competent state needed for LR formation (DiDonato et al. 2004 ). Auxin plays a critical role in LR formation from priming and initiation to the emergence of LRs (Peret et al. 2009 ). The GATA23 transcription factor plays a key role in specifying pericycle cells to become LR founder cells prior to LR initiation in the IAA28-dependent auxin signaling pathway (De Rybel et al. 2010) . At least two auxin response modules, IAA14-AUXIN RESPONSE FACTOR7 (ARF7)/ARF19 and IAA12-ARF5, regulate LR initiation and LRP development (Fukaki et al. 2002 , Vanneste et al. 2005 , De Smet et al. 2010 . LATERAL ORGAN BOUNDARIES DOMAIN16/ASYMMETRIC LEAVES2-LIKE18 (LBD16/ASL18), LBD18/ASL20 and LBD29/ASL16 function downstream of ARF7 and ARF19 to control LR initiation and emergence (Okushima et al. 2007 , D.J. , H.W. ). LBD16 is involved in the symmetry breaking of LR founder cells for LR initiation (Goh et al. 2012) . LBD29 is also involved in LR initiation in part by regulating the cell cycle progression in response to auxin (Feng et al. 2012) . LBD18 functions in combination with LBD33 to induce the E2Fa transcription factor transcriptionally for auxin-dependent cell cycle activation for LR initiation (Berckmans et al. 2011) . LBD18 acts as a transcriptional activator that directly binds to the promoter of EXPANSIN14 encoding a cell wall-loosening factor to enhance lateral root emergence Lee 2013, Lee et al. 2013a) .
PUCHI encodes a putative transcription factor of the APETALA2/ethylene-responsive element-binding protein (AP2/EREBP) family and plays a role in the early stages of LRP morphogenesis by controlling the proper pattern of cell divisions (Hirota et al. 2007 ). Mutations in PUCHI disturb cell division patterns in the LRP, resulting in swelling of the proximal region of lateral roots. Thus PUCHI is required to restrict the zone of cell proliferation in the LRP at the early stage. PUCHI expression in LRPs is induced by exogenous auxin and is dependent upon auxin-responsive elements (AuxREs) in the upstream promoter sequence, indicating that expression of PUCHI in response to auxin might be regulated by certain ARFs. In this study, we addressed the role of ARF7 and ARF19 in PUCHI expression and the functional interaction between PUCHI and LBD16 or LBD18 using a genetic approach. We showed that PUCHI expression is regulated by ARF7 and ARF19 in response to auxin and that PUCHI co-acts with LBD16 and LBD18 to control LR development.
Results
Auxin-responsive expression of PUCHI is blocked in the arf7 arf19 double mutant Expression of b-glucuronidase (GUS) fused to the PUCHI promoter in the LRP of transgenic Arabidopsis is greatly reduced by mutations in three AuxREs in the PUCHI promoter, and auxinresponsive GUS expression is completely blocked by these AuxRE mutations, indicating the role of certain ARFs in auxin-responsive PUCHI expression (Hirota et al. 2007 ). The arf7 arf19 double mutants lack LRs in 2-week-old seedlings (Okushima et al. 2005) . LBD16, LBD18 and LBD29 do not respond to auxin in the arf7 arf19 mutants (Okushima et al. 2007 , D.J. ). ARF7 proteins can bind to the DNA fragments containing the AuxRE sequence in the LBD16 and LBD29 promoters (Okushima et al. 2007 ). These previous reports indicated that ARF7 and ARF19 might be involved in the regulation of PUCHI expression for LR formation during the auxin response. We tested the role of ARF7 and ARF19 in PUCHI expression in response to auxin by using quantitative reverse transcription-PCR (qRT-PCR) analysis and showed that auxin-responsive expression of PUCHI was significantly reduced in arf7 or arf19 single mutants compared with that in the wild type and completely inhibited in arf7 arf19 double mutants (Fig. 1A) . To demonstrate further that PUCHI expression is regulated downstream of ARF7 and ARF19 in the early stages of LR development, we generated Pro PUCHI :GUS transgenic Arabidopsis in the arf7-1, arf19-2 or arf7-1 arf19-1 mutant backgrounds, and conducted a GUS expression analysis with or without auxin treatment. Single mutations in ARF7 or ARF19 did not significantly affect GUS staining in LRPs, whereas double mutations caused a significant decrease in GUS staining (Fig. 1B-E) . Auxin treatment enhanced GUS staining in the LRP in the arf7-1 or arf19-2 single mutant backgrounds and wild-type background at similar levels, but did not enhance GUS staining in the arf7-1 arf19-1 double mutant backgrounds ( Fig. 1F-I ). These results demonstrate that ARF7 and ARF19 are involved in PUCHI expression during the early stages of LRP development as well as in auxin-responsive expression of PUCHI.
PUCHI and LBD16 or LBD18 do not regulate each other's expression
We next investigated if PUCHI acts upstream of LBD16 or LBD18 or vice versa by conducing qRT-PCR analysis on PUCHI expression in lbd16-1 or lbd18-1 mutants or LBD16 or LBD18 expression in the puchi-1 mutant with or without auxin treatment. The results showed that the puchi mutation did not affect expression of LBD16 or LBD18 and that the lbd16 and lbd18 mutations did not affect PUCHI expression ( Fig. 2A, B) . Auxinresponsive expression of these genes was not affected by any of these mutations. To identify if PUCHI expression might be affected by lbd16 and lbd18 mutations during LRP development, we generated Pro PUCHI :GUS transgenic Arabidopsis in the lbd16-1, lbd18-1 or lbd16-1 lbd18-1 mutant backgrounds and conducted a GUS expression analysis with or without auxin treatment. However, we did not detect any significant effects of these lbd mutations on GUS expression in the LRP under the PUCHI promoter ( Fig. 2C-J) . A similar result was obtained for GUS expression of the puchi mutant under the LBD16 or LBD18 promoter in the LRP (Fig. 2K-R) . These results suggest that PUCHI and LBD16 or LBD18 do not regulate each other's expression in response to auxin.
Analyses of LR phenotypes of multiple mutants derived from puchi, lbd16 and lbd18
We constructed double and triple mutants from puchi, lbd16 and lbd18 to investigate the genetic interaction between PUCHI and LBD genes during LR development. LR phenotypes of these multiple mutants of 19-day-old seedlings showed that a puchi mutation caused an additional decrease in lateral root formation of lbd16 and lbd18 single and double mutants, indicating that the disturbed early morphogenesis of LRP resulting from the puchi mutation had an impact on LR formation independent of LBD16 or LBD18 ( Supplementary Fig. S1 ). We determined the number of LRPs and emerged LRs per primary root length (cm) in 8-day-old seedlings of single, double and triple mutants derived from puchi, lbd16 and lbd18 to examine the step of LR formation in which PUCHI acts with LBD16 and LBD18. The puchi-1 mutant displayed a reduced number of emerged LRs compared with the wild type. Double mutants of puchi-1 lbd16-1 or puchi-1 lbd18-1 exhibited a lower number of emerged LRs than lbd16-1 lbd18-1 double mutants (Fig. 3A, B) . puchi-1 lbd16-1 lbd18-1 triple mutants displayed an undetectable number of emerged LRs. However, the numbers of LRPs in the puchi-1 single mutant and in puchi-1 double mutants with lbd16 or lbd18 were increased by approximately 2-fold compared with those of the wild type and other combinations of single and double mutants (Fig. 3B) . In contrast, puchi-1 lbd16-1 lbd18-1 triple mutants displayed a slightly lower number of LRPs than the wild type. The total number of LRs (LRPs plus LRs) of puchi-1 increased to 8.07 ± 0.28 (± SE) per primary root length (cm) compared with the wild type (6.26 ± 0.16), whereas total LR numbers of puchi-1 lbd16-1 and puchi-1 lbd18-1 were 6.09 ± 0.18 and 5.36 ± 0.20, respectively (Fig. 3B) . Total LR numbers of lbd16-1, lbd18-1 and lbd16-1 lbd18-1 were 5.02 ± 0.15, 5.37 ± 0.18 and 4.68 ± 0.17, respectively. However, the total LR number of puchi-1 lbd16-1 lbd18-1 triple mutants greatly decreased to 2.40 ± 0.12. Taken together, these results indicate that PUCHI, LBD16 and LBD18 co-act to regulate LR development, mainly at the emergence step.
LRP development is not significantly affected by lbd16 and lbd18 single and double mutations (H.W. ). We determined the distribution of stages of LRPs in single and multiple mutants and the wild type based on the classification made by Malamy and Benfey (1997) to investigate the genetic effect of puchi-1 on stages of LRP development of lbd16-1 and lbd18-1, and found that the puchi-1 mutation caused differential effects on LRP number in lbd16-1, lbd18-1 and lbd16-1 lbd18-1 mutants (Fig. 3C) . The puchi-1 single mutant showed a >2-fold increase in the LRP number at every stage except for stage I compared with the wild type. The puchi-1 lbd16-1 and puchi-1 lbd18-1 double mutants displayed increased LRP number at stages III-VI and at stages II-V compared with the wild type, respectively. In the case of puchi-1 lbd18-1, the LRP number at stage II was the highest and then gradually decreased to the wild type LRP number at stage VI, as development continued. These results indicate that puchi affects LRP development of lbd16 or lbd18 additively but differentially. In the puchi-1 lbd16-1 lbd18-1 triple mutant, the LRP number at stage I decreased to 0.46 ± 0.05 per primary root length (cm) compared with the wild type (0.74 ± 0.05), and the LRP number at stage II increased to 0.63 ± 0.04 compared with the wild type (0.47 ± 0.03), while those at stages VI and VII decreased greatly to 0.13 ± 0.04 and 0.05 ± 0.02 compared with the wild type (0.35 ± 0.03 and 0.41 ± 0.04), respectively. Thus LR initiation was affected in the triple mutant to some extent, but the impact of the puchi mutation was greater at the developmental stages just prior to the emergence of LRs than at the LR initiation step. To simplify the analysis of these mutation effects on LRP development, we combined the LRP numbers from stages II-IV to represent middle stages of LRP development and from stages V-VII to represent late stages of LRP development for each mutant ( Supplementary Fig. S2 ). The combined LRP numbers of puchi-1, puchi-1 lbd16-1 and puchi-1 lbd18-1 at stages II-IV increased to 2.31 ± 0.19, 2.52 ± 0.16 and 2.79 ± 0.20 compared with those of the wild type (1.23 ± 0.06), whereas those of other mutants were relatively similar to those of the wild type. The combined LRP numbers of puchi-1, puchi-1 Fig. 1 Expression analysis of PUCHI in arf7, arf19 or arf7 arf19 mutants with or without auxin. (A) PUCHI expression in arf7-1, arf19-2 and arf7-1 arf19-1 in response to auxin. Nine-day-old seedlings of the wild type, arf7-1, arf19-2 and arf-7-1 arf19-1 double mutants were treated for 4 h with IAA. Total RNA isolated from each treatment was subjected to quantitative real-time RT-PCR to measure the PUCHI transcript levels. Relative fold changes were plotted after normalization to ACTIN7 RNA. Mean values and standard errors from triplicate biological experiments are plotted. Asterisks denote statistical significance at P < 0.05 (*) and P < 0.01 (**). (B-I) Analysis of GUS expression in 7-day-old transgenic Arabidopsis harboring Pro PUCHI :GUS in the wild type (B, F), arf7-1 (C, G), arf19-2 (D, H) or arf7-1 arf19-1 (E, I) mutant backgrounds without (B-E) or with (F-I) IAA for 10 h. GUS staining was performed for 12 h. Scale bars = 50 mm.
lbd16-1, puchi-1 lbd18-1 and puchi-1 lbd16-1 lbd18-1 at stages V-VII were 2.73 ± 0.18, 2.21 ± 0.17, 1.51 ± 0.15 and 0.44 ± 0.06 compared with those of the wild type (1.06 ± 0.06), whereas those of other mutants were relatively similar to those of the wild type. These analyses further indicate that decreasing numbers of emerged LRs for puchi-1 lbd16-1, puchi-1 lbd18-1 and puchi-1 lbd16-1 lbd18-1 are mainly due to a block at the developmental stages just prior to the emergence of LRs.
We have shown previously that LBD16 interacts with LBD18 in Arabidopsis protoplasts (Lee et al. 2013b ). As we observed combined effects of puchi-1, lbd16-1 and lbd18-1 on LR development in the present study, we investigated proteinprotein interactions between PUCHI and LBD16 or LBD18 using a bimolecular fluorescence complementation (BiFC) assay. However, we did not find any detectable interaction between PUCHI and LBD proteins in this assay ( Supplementary Fig. S3 ).
Microscopic analysis of LRP development of puchi, lbd16 and lbd18 multiple mutants
The puchi-1 mutant shows a distinct change in LRP morphology from late stage II to stage III, during which the mutant LRP forms more cells than the wild-type LRP along the radial axis (Hirota et al. 2007 ). As LRP development continues, the puchi-1 mutant LRP becomes flatter than that of the wild type. During LR emergence, the puchi-1 mutant LR forms extra tissue consisting of highly enlarged cells at the periphery of the most proximal region. In contrast, the lbd16 lbd18 double mutant LRP develops similarly to the wild type Fig. 2 Expression analyses of PUCHI in lbd16, lbd18 or the lbd16 lbd18 double mutant or LBD16 and LBD18 in puchi mutant backgrounds. (A) PUCHI expression in lbd16-1, lbd18-1 and lbd16-1 lbd18-1 in response to auxin. Nine-day-old seedlings were treated for 4 h with IAA. Expression analyses were conducted as described in the legend of Fig. 1. (B) LBD16 or LBD18 expression in puchi-1 in response to auxin. Nine-day-old seedlings were treated for 2 h with IAA. (C-J) Analysis of GUS expression in 7-day-old transgenic Arabidopsis harboring Pro PUCHI :GUS in the wild type (C, G), lbd16-1 (D, H), lbd18-1 (E, I) or lbd16-1 lbd18-1 (F, J) mutant backgrounds without (C-F) or with (G-J) IAA for 10 h. GUS staining was performed for 12 h. Scale bars = 50 mm. (K-R) Analysis of GUS expression in 7-day-old transgenic Arabidopsis harboring Pro LBD16 :GUS (K, L, O, P) or Pro LBD18 :GUS (M, N, Q, R) in the wild type (K, M, O, Q) or puchi-1 (L, N, P, R) mutant backgrounds. Seedlings were treated without (K-N) or with (O-R) 20 mM IAA for 10 h. GUS staining was for 12 h. Bars = 50 mm.
(H.W. ). However, the puchi-1 mutation in lbd16 and lbd18 single mutants and in double mutants caused LRPs to form more cells and to become flatter during their development (Fig. 4E, F, H ) and also to form extra tissue at the periphery of the most proximal region during LR emergence (Fig. 4M, N, P) . In addition, a disorganized LR was found in the triple mutant during emergence (Fig. 4P) . These results suggest that the puchi-1 mutation caused a distinct effect on LRP development independent of the lbd16 and lbd18 mutation and led to more severe developmental alterations at later stages of LRP emergence than that of single or double mutants. Fig. 3 Numbers of lateral roots and primordia of the wild type and mutants derived from puchi, lbd16 and lbd18. (A) Lateral root phenotypes of 8-day-old seedlings. (B) Number of lateral roots. The numbers of emerged lateral roots of wild-type (Col-0, gray), puchi-1 (purple), lbd16-1 (yellow), lbd18-1 (red), lbd16-1 lbd18-1 (blue), puchi-1 lbd16-1 (green), puchi-1 lbd18-1 (lilac) and puchi-1 lbd16-1 lbd18-1 (sky blue) seedlings were determined. Plants were grown vertically for 8 d. Error bars indicate the SE. Asterisks denote statistical significance at P < 0.01 (**). n = 13. (C) Number of primordia at the given developmental stages. Stages I-VII of primordia were based on the classification by Malamy and Benfey (1997) . Error bars indicate the SE. Asterisks denote statistical significance at P < 0.01 (**) compared with the wild-type plants. yy denote statistical significance at P < 0.01 compared with the puchi-1 mutants. n = 13.
Discussion
PUCHI is regulated downstream of ARF7 and ARF19 during auxin signaling Auxin plays a key role during LR development (Peret et al. 2009 ). Auxin-responsive transcription factors, Aux/IAA-ARFs and LBD family members, from Arabidopsis have been identified that function in LR formation from initiation to emergence of LRs (Fukaki et al. 2002 , Vanneste et al. 2005 , Okushima et al. 2007 , H.W. , De Smet et al. 2010 , Berckmans et al. 2011 , Feng et al. 2012 , Goh et al. 2012 , Lee et al. 2013a , Lee et al. 2013b . The AP2/EREBP transcription factor, PUCHI, plays a role in early morphogenesis of LRPs and its expression is regulated by auxin signaling (Hirota et al. 2007) . Fig. 4 Differential interference contrast images of lateral root primordium and the emerged lateral roots of the wild type and multiple mutants derived from puchi-1, lbd16 and lbd18. (A-P) Differential interference contrast images of primordia (A-H) and the emerged lateral roots (I-P) in the wild type (A, I), puchi-1 (B, J), lbd16-1 (C, K), lbd18-1 (D, L), puchi-1 lbd16-1 (E, M), puchi-1 lbd18-1 (F, N), lbd16-1 lbd18-1 (G, O) and puchi-1 lbd16-1 lbd18-1 (H, P) mutants at 7 d after germination. Arrows and arrowheads indicate ectopic cell divisions that occurred in the wider area of abnormal lateral root tissues, respectively. Bars = 50 mm.
In this study, we showed that ARF7 and ARF19 play a major role in PUCHI expression during auxin signaling. Analyses of endogenous PUCHI transcript levels in arf7 and arf19 single or double mutants in response to auxin (Fig. 1A) indicated that ARF7 and ARF19 play additive roles in auxin-responsive expression of PUCHI. Analyses of PUCHI expression under its own promoter in arf7 and arf19 single or double mutant backgrounds (Fig. 1B) suggested that ARF7 and ARF19 play redundant roles in auxin-responsive expression of PUCHI during early stages of LRP development. Double mutations in ARF7 and ARF19 completely abolished auxin-responsive expression of PUCHI in both analyses, indicating that ARF7 and ARF19 might be the critical ARFs in regulating PUCHI expression. The PUCHI promoter harbors three AuxREs, indicative of direct binding of these ARFs to the AuxREs (Hirota et al. 2007 ). However, whether ARF7 and ARF19 regulate PUCHI expression by directly binding to the promoter in response to auxin remains to be confirmed. ARF7 and ARF19 also regulate expression of LBD16, LBD18 and LBD29, and also GATA23 (Okushima et al. 2007 , D.J. , H.W. , De Rybel et al. 2010 . Thus ARF7 and ARF19 regulate at least three different sets of transcription factors to control initiation, the patterning process and emergence of LRs during auxin signaling.
PUCHI acts in combination with LBD16 and LBD18 to control LR development Although the puchi-1 mutant was initially identified as affecting LRP morphogenesis at early stages (Hirota et al. 2007 ), we observed a significant decrease in the number of emerged LRs in the puchi-1 mutant (Fig. 3B) . The puchi-1 mutation in lbd16-1 or lbd18-1 mutants synergistically decreased the number of emerged LRs and resulted in a more severe effect in lbd18-1 compared with that in lbd16-1 (Fig. 3B) . The puchi-1 lbd16-1 lbd18-1 triple mutants in 8-day-old seedlings lack emerged LRs. These results suggest that a disturbance in cell division patterns affecting LRP morphogenesis negatively impacted the LR emergence. Interestingly, the number of total LRPs in puch-1, puchi-1 lbd16-1 and puchi-1 lbd18-1 mutants increased by approximately 2-fold compared with those in the wild type, whereas the number in the triple mutants decreased slightly less than that in the wild type (Fig. 3B) . The combined LRP numbers of puchi-1, puchi-1 lbd16-1 and puchi-1 lbd18-1 at stages II-IV increased to 2.31 ± 0.19, 2.52 ± 0.16 and 2.79 ± 0.20 compared with that of the wild type (1.23 ± 0.06), and those of puchi-1, puchi-1 lbd16-1 and puchi-1 lbd18-1 at stages V-VII also increased to 2.73 ± 0.18, 2.21 ± 0.17 and 1.51 ± 0.15 compared with that of the wild type (1.06 ± 0.06) (Supplementary Fig. S2 ). However, the number of LRPs at stages VI and VII decreased greatly in the triple mutants compared with other single or double mutants (Fig. 3C) . In contrast, LR initiation decreased marginally in the triple mutants compared with other mutants and the wild type (Fig. 3C) . Thus, the puchi-1 mutation caused a severe inhibition in the late stages of LRP development prior to LR emergence and thus to actual LR emergence when combined with lbd16 and lbd18 mutations. Moreover, the combined LRP number of puchi-1 lbd18-1 at stages V-VII (2.21 ± 0.17) was lower than that of puchi-1 lbd16-1 (1.51 ± 0.15) (Supplementary Fig. S2 ). This result is consistent with a significant role for LBD18 in LR emergence, as reported previously (H.W. , Lee et al. 2013a ). This result is also intriguing in that lbd16-1 lbd18-1 double mutants displayed a wild-type number of LRPs at all developmental stages, whereas puchi-1 showed a significantly increased LRP number from stages II to VII compared with the wild type. Taken together, these results suggest that PUCHI, LBD16 and LBD18 play combinatorial roles in LRP development, particularly at the middle to the late stages. No detectable interaction between PUCHI and LBD16 or LBD18 was observed in the BiFC assay ( Supplementary Fig.  S3 ), and PUCHI and LBD16 or LBD18 did not regulate each other's expression (Fig. 2) . It will be interesting to determine how these two different types of transcription factors modulate their target genes in a combinatorial fashion to control LR development.
Materials and Methods

Plant growth and tissue treatment
Arabidopsis thaliana (Col-0) seedlings were grown and treated as described previously (Park et al. 2002) . Plants were grown under a 16 h photoperiod on 3MM Whatman filter paper on top of agar plates and the filter paper with the seedlings was then transferred to a plate containing 20 mM IAA and incubated for a given period of time with gentle shaking in the light at 23 C.
Plant materials
The puchi-1 Arabidopsis mutant and the Pro PUCHI2.5 :GUS line were generously provided by Dr. Tasaka and confirmed by genotyping prior to usage (Hirota et al. 2007 ). puchi-1 multiple mutants were generated by crossing puchi-1 with lbd16-1, lbd18-1 or lbd16-1 lbd18-1. Homozygous lines were isolated by genotyping (H.W. ). The transgenic mutants, Pro PUCHI :GUS/arf7-1, Pro PUCHI :GUS/arf19-2 and Pro PUCHI :GUS/arf7-1 arf19-1, were generated by crossing arf7-1 (SALK_040394), arf19-2 (SALK_009879) and arf7-1 arf19-1 (CS24629) with Pro PUCHI2.5 :GUS transgenic Arabidopsis. Pro PUCHI :GUS/lbd16-1, Pro PUCHI :GUS/lbd18-1 and Pro PUCHI :GUS/ lbd16 lbd18 transgenic mutants were generated by crossing lbd16-1, lbd18-1 and lbd16-1 lbd18-1 with Pro PUCHI2.5 :GUS transgenic Arabidopsis. Transgenic Arabidopsis Pro LBD16 :GUS and Pro LBD18: GUS in the puchi-1 background was generated by crossing puchi-1 with Pro LBD16 :GUS and Pro LBD18: GUS transgenic Arabidopsis. Homozygous lines were verified by PCR analysis (H.W. ). The primer sequences used in this study are shown in Supplementary Table S1 .
RNA isolation, RT-PCR and qRT-PCR analysis
Following treatment, Arabidopsis plants were immediately frozen in liquid nitrogen and stored at À80 C. Total RNA was isolated from frozen Arabidopsis using TRI Reagent Õ (Molecular Research Center, Inc.). For RT-PCR analysis, total RNA was isolated using an RNeasy Plant Mini kit (Qiagen) and subjected to RT-PCR analysis with the Access RT-PCR System (Promega) according to the manufacturer's instructions. Realtime RT-PCR was carried out using a QuantiTect SYBR Green RT-PCR kit (Qiagen) in a Rotor-Gene 2000 real-time thermal cycling system (Corbett Research) as described previously (Jeon et al. 2010 ).
Microscopy and histochemical GUS assays
For whole-mount visualization, the seedlings were cleared in 80% (v/v) ethanol for 24 h, mounted in 90% (v/v) glycerol and observed under a Leica DM2500 microscope with differential interference contrast (DIC) according to Malamy and Benfey (1997) . Histochemical assays for GUS activity were performed with 5-bromo-4-chloro-3-indolyl glucuronide, as described previously (Jefferson and Wilson 1991) . Samples were observed under the Leica DM2500 microscope at 200-or 400-fold magnification with DIC.
BiFC assays
The LBD16, LBD18 or PUCHI coding region DNA fragment was amplified by PCR using the Pfu DNA polymerase (Stratagene) and inserted into the N-terminal fragment of yellow fluorescent protein (YFP N ) or the C-terminal fragment of yellow fluorescent protein (YFP C ) vectors (Walter et al. 2004) constructs. PCR-amplified DNA sequences were used for subcloning after verification by DNA sequencing. PCR conditions and primer sequences are shown in Supplementary Table S1 . These plasmids were purified using a Qiagen Plasmid Midi kit prior to protoplast transformation. Protoplasts from Arabidopsis mesophyll cells were prepared as described previously (Lee et al. 2008) . Protoplasts isolated from the rosette leaves of 2-to 3-week-old Arabidopsis plants grown under a 16 h photoperiod were transfected with plasmid DNA by polyethylene glycol (PEG)-mediated protoplast transformation and incubated for 18 h in the light at room temperature. YFP fluorescence was monitored by capturing YFP images with a TCS SP5 AOBS Õ spectral confocal and multiphoton microscope system (Leica Microsystems). Confocal images of the YFP fusion proteins were acquired at the Korea Basic Science Institute.
Statistical analysis
Quantitative data were subjected to statistical analysis for every pairwise comparison using the software for Student's t-test (Predictive Analytics Software for Windows version 20.0).
Supplementary data
Supplementary data are available at PCP online. 
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